To evaluate the genetic diversity of viral haemorrhagic septicaemia virus (VHSV), the sequence of the glycoprotein genes (G) of 11 North American and European isolates were determined. Comparison with the G protein of representative members of the family Rhabdoviridae suggested that VHSV was a different virus species from infectious haemorrhagic necrosis virus (IHNV) and Hirame rhabdovirus (HIRRV). At a higher taxonomic level, VHSV, IHNV and HIRRV formed a group which was genetically closest to the genus Lyssavirus. Compared with each other, the G genes of VHSV displayed a dissimilar overall genetic diversity which correlated with differences in geographical origin. The multiple sequence alignment of the complete G protein, showed that the divergent positions were not uniformly distributed along the sequence. A central region (amino acid position 245-300) accumulated
Introduction
Viral haemorrhagic septicaemia virus (VHSV) is a fish rhabdovirus that produces severe losses in the European trout farming industry (de Kinkelin et al., 1979) . The virus usually causes systemic disease and haemorrhagic lesions among juvenile rainbow trout, Oncorhynchus mykiss, with mortality rates as high as 90 %. An extensive pool of enzootic virus exists substitutions and appeared to be highly variable. The genetic heterogeneity within a single isolate was high, with an apparent internal mutation frequency of 1n2i10 N 3 per nucleotide site, attesting the quasispecies nature of the viral population. The phylogeny separated VHSV strains according to the major geographical area of isolation : genotype I for continental Europe, genotype II for the British Isles, and genotype III for North America. Isolates from continental Europe exhibited the highest genetic variability, with sub-groups correlated partially with the serological classification. Neither neutralizing polyclonal sera, nor monoclonal antibodies, were able to discriminate between the genotypes. The overall structure of the phylogenetic tree suggests that VHSV genetic diversity and evolution fit within the model of random change and positive selection operating on quasispecies.
among fish in continental Europe, where the disease was first described in 1938 and regular appearances have been observed since the 1950s. In the late 1980s, VHSV was isolated in western North America from asymptomatic adult Coho salmon, Oncorhynchus kisutch, during routine virological examinations, and from Pacific cod, Gadus macrocephalus, showing extensive haemorrhagic lesions (reviewed in Meyers & Winton, 1995) . More recently, VHSV was isolated from seafarmed turbot in Scotland during a severe outbreak of haemorrhagic disease (Ross et al., 1994) .
VHSV is a member of the Rhabdoviridae. The virus contains a non-segmented RNA genome of approximately 12 000 nucleotides (nt) coding for five structural proteins : the nucleocapsid protein (N), the polymerase-associated protein (P or M1), the matrix protein (M or M2), the glycoprotein (G) and an RNA polymerase (L). It also has a sixth functional cistron which codes for a non-structural protein (NV) of unknown function (Basurco & Benmansour, 1995) .
Strains of VHSV isolated in Europe have been assigned to four serotypes according to their cross-neutralization patterns with strain-specific immune sera raised in rabbits (Vestergard Jørgensen, 1972 ; Le Berre et al., 1977 ; Castric et al., 1992) . Serotype 1, which is the most frequent, is represented by the reference strains 07-71 from France or F1 from Denmark, serotype 2 by strain He, serotype 3 by strain 23-75 and serotype 4 by strain 02-84. Using neutralizing MAbs, Olesen et al. (1993) assigned 127 field and laboratory strains to three groups of reactivity. Group I comprised strains from both serotypes 1 and 2, group II corresponded to serotype 3 and group III comprised strains which were not neutralized at all by any of the four MAbs. Although in vivo investigations showed that the isolates from North America were considerably less virulent (Myer & Winton et al., 1995) for salmonid fish, serological and biochemical analyses failed to distinguish between the American isolates and the highly virulent strains from Europe. Sequence comparison of the N, P, M and NV genes suggested that the American strains were probably not directly derived from the European strains (Bernard et al., 1992 ; Benmansour et al., 1994 ; Basurco & Benmansour, 1995) . Oshima et al. (1993) compared eight isolates from North America and Europe by T1 ribonuclease fingerprinting analysis and reported that the isolates from the two continents segregated respectively into two different fingerprint groups. The recent expansion of the geographical range of VHSV could indicate either that the virus is spreading to new ecological niches, that new host range variants are emerging or that existing pools of virus are being discovered for the first time. Phylogenetic analysis based on nucleotide sequence data has been shown to be the most accurate method of providing insight into the overall genetic relationships among virus isolates. To perform such an analysis, we selected the G gene of VHSV as it codes for the only external viral protein, with the prospect that the genetic variability would then correlate with the serological variability, and thus help to resolve the serological classification of VHSV strains. Available sequence data on the VHSV G gene were limited to three strains from continental Europe (Thiry et al., 1991 ; Lorenzen et al., 1993) , all belonging to serotype 1. To overcome this limitation, we determined the sequence of the G gene of 11 additional isolates of VHSV from continental Europe, the British Isles and North America. To avoid the bias introduced in sequence derived from single molecular clones, we used PCR-amplified products as sequencing templates. Multiple sequence comparison and analysis were then used to obtain information on the genetic diversity of VHSV, the evolutionary relationship among the isolates, and to propose a genetic classification which is consistent with the biological properties.
Methods
Viruses. The VHSV isolates used in the present study are described in Table 1 . The four serotypes of VHSV are represented. They were isolated in Europe and North America from different fish species. Some of them are sequential isolates from the same fish farm. Passages in tissue culture were kept to a minimal number and virus plaque purification was not performed to avoid selection of variants. In most cases, this involved two or three virus passages from the field material in one of several fish cell lines and two additional passages in the Epithelioma Papulosum Cyprini (EPC) cell line. Isolate 02-84, representative of serotype 4, grows poorly on EPC cells, and was grown on the Rainbow Trout Gonad (RTG) cell line.
Neutralization test. Viruses (200 p.f.u.) and antibody were mixed together and incubated for 1 h at 14 mC. Then, 0n1 ml of the mixture was inoculated onto EPC or RTG cells in six-well tissue culture plates. After 1 h of adsorption at 14 mC, a 0n4 % agarose medium was layered on the cells, and the resulting plaques were counted 3 days later.
Virus purification and RNA extraction. Virions were purified from clarified supernatant by centrifugation at 28 000 r.p.m. (rotor SW28) through a cushion of 25 % glycerol in 25 mM Tris-HCl (pH 7n2), 300 mM NaCl, 1 mM EDTA (TNE). The virus pellet was resuspended in 200 µl of TNE buffer. Viral genomic RNA extraction was performed by the SDS\proteinase K method, followed by two cycles of phenol and diethyl ether extraction. Finally, the RNA was ethanol precipitated and used for cDNA synthesis.
cDNA synthesis and PCR amplification (RT-PCR).
Genomic RNA extracted from viral particles was used in first-strand cDNA synthesis with murine leukaemia virus (MuLV) reverse transcriptase (Gibco BRL) as described in Sambrook et al. (1989) . Following a 45 min incubation at 42 mC, reverse transcriptase was inactivated by heating to 95 mC for 5 min. Five µl of the first-strand cDNA was amplified into double-strand cDNA by PCR amplification using synthetic primers with selected restriction sites. The PCR reaction was performed as previously described (Benmansour et al., 1992) with 15 pmol of each primer and 2n5 units of Taq DNA polymerase (Promega) on a Perkin-Elmer Cetus 450 thermal cycler.
DNA sequencing. Amplified DNA products were purified with the Qiagen PCR-purification kit and sequenced using the primers employed in amplification and internal primers selected from conserved regions of the 07-71 and Makah sequences. DNA sequencing was performed on an Applied Biosystems model 373A automated sequencer according to the manufacturer's instructions.
Cloning. Directional cloning of PCR products was performed as previously described (Benmansour et al., 1994) . Briefly, double-restricted PCR products were inserted into the EcoRI and XhoI restriction sites of the pBluescript vector (Stratagene). Recombinant plasmids were purified from transfected Escherichia coli XL1-Blue cells and used for subsequent DNA sequencing.
Computer analysis. Sequence assembly, analysis of nucleotide sequences and the translation and analysis of amino acid sequences were performed with the Genetics Computer Group (GCG) package (Devereux et al., 1984) . Gross multiple sequence alignments were obtained with the PileUp program of GCG. They were refined through several cycles of alignment with the Align program of Clustal W and Phylip. Distances were computed from the aligned sequences with the DNADIST program. Phylogenetic analyses were done by using the maximum likelihood (DNAML), the maximum parsimony (DNAPARS) or the neighbourjoining (NEIGHBOR) methods, as implemented in the PHYLIP 3.3 package. Dendrograms were drawn with the NJplot program. Sequence similarity searches and statistical significance were performed with the MACAW 2.0.5 program. et al. (1993) . ‡ GenBank sequence X73873.
Results

Placing VHSV within the family Rhabdoviridae
Sequence determination of the glycoprotein gene for strains of VHSV representative of different serotypes and geographical locations allowed extensive sequence comparison with the glycoprotein of other rhabdoviruses. As already reported (Thiry et al., 1991) , only the infectious haemorrhagic necrosis virus (IHNV) glycoprotein has significant overall sequence similarity with VHSV. However, the identity score was 38 %, indicating the two viruses were only distantly related. With the use of powerful multiple block search algorithms (MA-CAW), we identified a sequence of 60 amino acids (position 309-368) that had a highly significant (P 0n001) similarity score with an equivalent block (position 296-355) of the rabies virus (RV) glycoproteins (Fig. 1 a) . A second block of 46 amino acids (position 148-193) was also identified (Fig. 1 b) as having similarity with the RV glycoproteins (position 134-179), although it produced a less significant score (P 0n01). Interestingly, this second block was located within a region of Fig. 2 . Phylogenetic relationship of 15 rhabdoviral glycoproteins. Sequences retrieved from the data bank were first aligned with PileUp and subjected to three rounds of alignment with the Clustal W program. GenBank accession numbers : hirrv, U24073 ; ihnrb, M16023 ; ihnk, X73872 ; rabp, P08667 ; rabmok, S59447 ; sigma, P12647 ; svcv, Z37505 ; chav, P13180 ; vsvi, M11048 ; vsvnj, P04882 ; befv, M94266 ; arv, L09207. Horizontal lines are proportional to the genetic distances. The scale bar corresponds to substitutions per amino acid site.
the RV glycoprotein which was postulated to be involved in cell membrane fusion mediated by the glycoprotein at acidic pH (Gaudin et al., 1996) . The genetic proximity of VHSV to RV was also reflected in the phylogenetic tree drawn after computational treatment of the multiple sequence alignment of 15 representative rhabdoviral glycoproteins (Fig. 2) . VHSV, IHNV and Hirame rhabdovirus (HIRRV) segregated in the same branch, which was generally associated with the lyssavirus branch, and was distant from the vesiculo-or ephemerovirus branches. In contrast, spring viraemia of carp virus (SVCV), another fish rhabdovirus, was related to the vesiculovirus. VHSV strains seemed to form a different virus species from IHNV and HIRRV, which have been considered as variants of the same virus species (Bjo$ rklund et al., 1996) . It is interesting to note that VHSV strains from Europe and America were relatively distant, while the European and American strains of IHNV were more closely related. This may indicate that the epizootiology of these two virus species is fundamentally different.
Inter-strain G variability
The nucleotide sequence of the G gene of 11 VHSV isolates was determined and compared with three G gene sequences retrieved from the databases. The level of divergence was not uniform among the isolates (Table 2) . Two different patterns could be distinguished : the first is characterized by a remarkable sequence conservation and involved isolates from the same geographical area. Isolates from continental Europe showed a maximum of 3n4 % divergence between the most distant strains. Similarly, the sequence divergence between six different isolates from the American continent was less than 1 %. The second pattern concerned isolates which were geographically distant. The strain isolated recently from turbot in Scotland appeared, with 9-11 % divergence, to be rather distant from the isolates of continental Europe. Likewise, comparison of VHSV strains from America and Europe showed the highest divergence (up to 18 %). Examination of a multiple sequence alignment of the complete G protein of eight VHSV strains indicated that the divergent positions were not uniformly distributed along the sequence. A central region delineated by amino acid positions 245-300 (V2) accumulated most of the substitutions and appeared to be highly variable (Fig. 3) . Three other regions of much lower variability could also be identified at positions 70-100 (V1), 370-380 (V3) and 420-440 (V4).
Intra-strain G variability (quasispecies nature)
Mammalian rhabdoviruses, like most RNA viruses, are characterized by a high mutation rate (Holland et al., 1982) . As a consequence, they are liable to high intra-strain variability, also described as quasispecies (Holland et al., 1992 ; Benmansour et al., 1992 ; Domingo et al., 1993) . In selecting VHSV neutralization escape mutants, we recorded mutant frequencies which ranged from 4i10 −% to 1i10 −& (Be! arzotti et al., 1995) . We also observed the occurrence of simultaneous mutations in single escape mutants. These features are signatures of quasispecies. To assess this point, we reverse transcribed and amplified from VHSV-infected fish tissues a 741 bp segment encompassing amino acid position 176-421 of the glycoprotein. Individual molecular clones were generated by cloning the PCR product into the pBluescript plasmid, according to procedures previously described (Benmansour et al., 1992) . Sequencing of 19 randomly selected plasmid clones permitted an evaluation of the sequence heterogeneity within a single virus population. We found a total of 17 nucleotide mutations, corresponding to an overall mutation frequency of 1n2i10 −$ per nucleotide site. Eleven resulted in an amino acid change, which gave a mutant frequency of 2n3i10 −$ . As an internal control, we produced, with T7 DNA polymerase, a complementary RNA from a pBluescript plasmid bearing the G gene of strain 07-71. The plasmid DNA was removed with DNase I treatment, and the purified cRNA was reverse transcribed into cDNA, which was subsequently amplified and cloned as indicated for viral RNA. Sequence determination on 20 randomly selected clones detected only one nucleotide variation from the original reference sequence (data not shown), which indicated that the cumulated error frequency of MuLV reverse transcriptase and Taq DNA polymerase was 6n7i10 −& . Thus, it was likely that most of the mutations we recorded in the clones generated from viral RNA were actually present in the virus population, and were not the result of an abnormally high error frequency rate during the RT-PCR steps. However, we cannot completely rule out that some of the mutations could have been generated during the reverse transcription or amplification steps. Another argument in favour of the quasispecies nature was the uneven distribution of the mutations among the clones, since 11 clones out of 19 (58 %) had the consensus amino acid sequence, while six had one mutation, and two clones had two and three mutations respectively (Fig. 4) . Moreover, the mutations seemed not to be dispersed at random along the sequence, since four clustered within the variable region V2, which confirmed the plasticity of this region.
Phylogenetic analysis
The sequences of the entire open reading frame of the G gene of four isolates from Europe, representing serotypes 1 to 4, and one isolate from the USA, were used to compute phylogenetic trees by three different methods (maximum likelihood, neighbour-joining and UPGMA). Computations were carried out on 1000 data sets which were randomly resampled from the original aligned sequences. The three methods gave comparable results on the entire G sequence (data not shown). Similar trees were also obtained when the analysis was restricted to the 1074 nt encompassing variable regions V1 and V2 (nucleotide position 220-1294 of the coding region). Therefore, an analysis on 14 isolates (eight from Europe and six from the USA) was performed using the neighbour-joining method applied to this region. Three genotypes were clearly separated. Genotype I was composed of the strains from continental Europe, genotype II of a single strain isolated in Scotland and genotype III comprised the North American strains (Fig. 5) . Within genotype I, the strains segregated further into three branches. Two were composed each of a single strain representative of serotypes 2 and 3 respectively. The third divided further into two branches, each one grouping strains belonging to serotype 1, but differing in their geographical origin, Denmark and France respectively. Thus, strains representing serotypes 2 and 3 clearly segregated into isolated branches and could be considered as subtypes. Similarly, strains belonging to serotype 1 but isolated in France or Denmark constituted two different subtypes. A single strain representing serotype 4 was most often placed within the ' France ' serotype 1 branch, nevertheless it is genetically distinct from strain 07-71 and could be considered as a different subtype. Within the American lineage (genotype III), the genetic distances were not statistically significant ; thus it was difficult to identify any rationale governing the branching. In particular, there was no correspondence with the geographical origin nor with the host fish species.
VHSV genetic evolution
Little relationship was observed between position on the phylogram and date of isolation ; therefore, no molecular clock could be deduced from the phylogenetic tree. On the contrary, the overall structure of the tree was suggestive of punctuated equilibrium, with cases of stepwise evolution and genetic stasis. Because times of isolation are known for three strains from the same geographical location in the west of France, it was theoretically possible to estimate the rate of nucleotide mutation for the phase of genetic stasis (slow evolution) and for the phase of stepwise evolution (fast evolution). From the formula r l dn\∆t, where r is the rate of substitution per site per year, dn the number of substitutions per site and ∆t the difference in time of isolation, we computed a rate of 1n6i10 −% nt substitutions per site per year for the phase of slow evolution and 4n5i10 −$ for the phase of fast evolution. Assuming the rate of mutation is similar for all taxa, we subsequently computed upper and lower boundaries for the time of divergence of other strains. Accordingly, genotypes I, II and III diverged respectively between 956 and 38, 575 and 20 and 530 and 18 years ago from a putative common ancestor. However, fast evolution will normally operate for only very short periods of time and the actual values should be closest to the upper boundaries.
Genetic versus antigenic diversity
The genetic classification obtained from sequence comparison and phylogenetic analysis was not in agreement with the serological classification based on reactivity with polyclonal sera raised in rabbits. Unlike polyclonal sera, MAbs are normally directed towards discrete regions of the antigen and should be more discriminative. We used three neutralizing MAbs (m4, j37 and c10) to compare the variation in antigenicity of the G protein of different strains of VHSV with their sequence variability. Neutralizing MAbs m4 and c10 were derived from a mouse immunized with strain 07-71 (serotype 1) and neutralizing MAb j37 was obtained from a mouse immunized with strain 23-75 (serotype 3). Sequence determination of escape mutants localized the epitope of MAb m4 to amino acid position 254-259 (Be! arzotti et al. 1995) . Interestingly, this neutralizing epitope mapped within variable region V2. Comparison of the m4 neutralization pattern of the field isolates with their G protein sequence confirmed and extended the localization of the m4 epitope (Fig. 6 a) . Field strains He, 23-75, 02-84 and Sco escaped neutralization by MAb m4. They indeed had mutations at positions 257, 259 or 270. Strain 3592VB, which had a mutation at position 258, was only 35 % neutralized, indicating that mutation T258A was also affecting MAb m4 neutralizing activity. In contrast, strain Makah was 85 % neutralized by MAb m4, indicating substitution K262R was probably not critical for MAb m4 neutralizing activity. MAb j37 neutralized strains He, 23-75, 02-84, Makah and Sco, but not strains of serotype 1 from continental Europe. We localized the j37 epitope around amino acid position 23 (Be! arzotti et al., 1995) . Unexpectedly, the sequence of field strains which were not neutralized by MAb j37 was not modified within the vicinity of position 23 (Fig.  6 b) . Conversely, strains Makah and Sco had a P20S substitution but were fully neutralized. Taken together, these observations suggest that either the j37 epitope is not actually localized within this region and was only affected at a distance by a change at position 23, or it is composed of more than one critical region of the glycoprotein, thus forming a complex discontinuous epitope. MAb c10 was widely cross-reactive and neutralized all field strains so far tested. The c10 epitope was principally affected by mutations at positions 139 or 140 (Be! arzotti et al., 1995) . Strain Makah had a substitution S139G, but it was still neutralized by MAb c10 (Fig. 6 c) . It is conceivable that the effect of S139G could be compensated by nearby or remote substitutions, but it is also likely that the presence of a G residue at position 139 was without effect on the integrity of the c10 epitope, while N or I substitutions were detrimental. Similarly, a G residue at position 138 could be neutral, since strain He had a A138G substitution and was neutralized. Strains Makah, He and 23-75 had a D136N substitution which indicated that position 136 was probably outside the c10 epitope. To summarize, MAbs were obviously unable to discriminate between genotypes I, II and III, although they were able to distinguish strains with minute sequence differences.
Discussion
VHSV and IHNV, two important fish rhabdoviruses, share with RV a similar protein electrophoretic pattern which initially suggested their placement within the genus Lyssavirus. Based upon differences in host range and the presence of a sixth functional cistron in place of the long G-L untranslated region found in RV, these fish rhabdoviruses were later moved from this genus to the unclassified group of rhabdoviruses (6th International Conference on Virus Taxonomy). Our present analysis based on comparison of the glycoprotein sequence confirmed that the salmonid fish rhabdoviruses are phylogenically closest to the genus Lyssavirus. However, considering the difference in gene composition and the explicit reference to rabies symptoms of the term lyssa, it appears necessary to create a new genus within the family Rhabdoviridae to accommodate this growing group of important pathogens.
We found that VHSV strains circulating in a defined geographical area have a remarkably conserved G gene regardless of the elapsed time or the different host fish species. In this regard, VHSV would appear to be one of the most genetically stable negative-strand RNA viruses. Paradoxically, we observed considerable intra-strain heterogeneity of VHSV, reflecting a high mutation rate, which was also mirrored in the occurrence of large numbers of escape mutants when VHSV was subjected to the strong selective pressure of neutralizing MAbs (Be! arzotti et al., 1995) . In the absence of selective pressure the high genomic mutability is probably balanced by competitive replication and powerful structural constraints which maintain the virus population in a stable equilibrium or quasispecies (Domingo et al., 1993) . Most amino acid replacements fixed in the consensus sequences and many of those observed in the quasispecies clustered within the same central region, V2. According to the random change model of RNA virus evolution (Domingo & Holland, 1993 ; Domingo et al., 1993) , V2 would represent a site where positive selection forces operate freely. By inference, V2 is likely to support some biologically important virus function(s). The finding that a major neutralizing epitope mapped within V2 substantiated this prediction. Moreover, several amino acid changes were observed in major neutralization epitopes defined by sequence analysis of MAb-resistant mutants (Be! arzotti et al., 1995) , and these changes often resulted in altered MAb reactivity of isolates. This is a strong indication that the fish immune system may be an active part of the selection mechanism that contributes to the long-term evolution of VHSV.
Phylogenetic analysis based on the sequence variability of the G protein strongly supported the existence of three distinct lineages circulating, respectively, in continental Europe, the British Isles and North America. Our data suggest that the three lineages became separated a long time before fish farming was established on both continents. The live-fish trade is thus probably not at the origin of the recent expansion of either the host or geographical ranges of VHSV. It does appear that the high animal concentrations inherent to fish farming practices have promoted the outburst of locally established VHSV strains, otherwise dormant. Such a concept would have important consequences, especially regarding national or international control policies against VHS. It is probable that a policy based only on sanitary measures could not totally eliminate the risk factors in open areas of fish farming. Consequently, mass vaccination should be considered as an important additional component of any policy aimed at total control or eradication of VHS.
Our results confirmed and further extended the findings of Oshima et al. (1993) who used oligonucleotide fingerprinting to group VHSV isolates from North America and Europe into two distinct fingerprint groups. However, they also observed patterns of oligonucleotide spots which showed some differences on the basis of the host fish species. Although we have included in our study isolates originating from different fish species, we could not detect any pattern of sequence variation that could be assigned to the host species. This discrepancy probably reflects the important differences between the two methods. Oligonucleotide fingerprinting can be viewed as a random sampling over the whole genomic sequence, while we have used the actual sequence of a single gene. However, we made the same analysis on the NV gene and found no pattern of variation relevant to the host fish species (B. Basurco & A. Benmansour, unpublished results) . Similarly, Nichol et al. (1995) analysed the G and NV genes of 12 isolates of IHNV from within the USA and reported the genetic diversity of the strains correlated with geographical location and not with host or year of isolation.
The genetic classification based on sequence data represents the actual differences between VHSV isolates. Moreover, it was concordant with significant differences in geographical range and pathological features already observed between strains. Neither the serological classification obtained with strain-specific rabbit immune sera, nor the pattern of reactivity with neutralizing MAbs, were in agreement with the genetic classification. This discrepancy probably results from the possibility that some important parts of the regions which maintain the genotypic variability are secluded from the humoral immune system of mammals, although we have noted that the epitope of MAb m4 mapped within the most variable region, V2. Supporting this hypothesis, we have experimental evidence that the VHSV G protein tends to adopt a physiologically irrelevant conformation when subjected to a temperature higher than 20 mC (A. Benmansour & Y. Gaudin, unpublished results) .
In summary, we have firstly confirmed that the fish salmonid rhabdoviruses are, within the family Rhabdoviridae, genetically closest to the genus Lyssavirus. Second, we have ordered VHSV strains, obtained throughout the world, into three distinct genotypes which correlate with the major geographical areas of isolation and not with the fish species, nor with previous serological classifications. Third, we have determined that VHSV genetic diversity and evolution fit within the model of random change and positive selection operating on quasispecies.
